We analyze both experimentally (where possible) and theoretically from first-principles the dielectric tensor components and crystal structure of five classes of P bnm perovskites. All of these materials are believed to be stable on silicon and are therefore promising candidates for high-K dielectrics. We also analyze the structure of these materials with various simple models, decompose the lattice contribution to the dielectric tensor into force constant matrix eigenmode contributions, explore a peculiar correlation between structural and dielectric anisotropies in these compounds and give phonon frequencies and infrared activities of those modes that are infrared-active. We find that CaZrO3, SrZrO3, LaHoO3, and LaYO3 are among the most promising candidates for high-K dielectrics among the compounds we considered.
I. INTRODUCTION
As a result of the ongoing down-scaling of complementary metal-oxide-semiconductor (CMOS) integrated circuits, the SiO 2 gate oxide of field effect transistors is getting thinner and thinner in every new generation of devices.
1 Therefore the leakage current due to quantummechanical tunneling through the dielectric interface is increasing. One way to reduce this current is to replace SiO 2 with a material that has a higher dielectric constant. Such a high-K dielectric layer with the same effective dielectric thickness (i.e., providing the same capacitance) could be physically thicker and thus reduce the gate leakage.
In order for this replacement material to be useful in practical applications on silicon, it also needs to be stable in contact with silicon up to ∼1000
• C, and among other things it must also have an appropriate band alignment with silicon. [2] [3] [4] Currently, a hafnia-based dielectric is used as a replacement to SiO 2 in advanced CMOS transistors in production. [5] [6] [7] There are, however, drawbacks to this material too, e.g., the limited K that it provides and undesirable threshold voltage shifts arising from highly mobile oxygen vacancies. 8 This brings up the natural question: which other materials exist that would satisfy these requirements and would enable the scaling of MOSFETs to continue beyond today's hafnia-based dielectrics?
The stability of single component oxides on silicon has been demonstrated both experimentally and from thermodynamic analysis, 3 and a candidate list of multicomponent oxide materials has been compiled. 2 A promising group of these materials consists of perovskite oxides having a P bnm (or closely related P 2 1 /c) space group. These compounds are at the focus of the present work. Some of them have been studied in thin-film form, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] but the full dielectric tensor of these materials has not yet been established, making the selection of materials best suited for high-K applications difficult. Some of these materials could also be of interest for microwave dielectric applications.
28, 29 Thus we decided to study, both theoretically and experimentally, the structural and dielectric properties of these compounds. The calculations are carried out using density-functional theory, and we compare the results with experimental data where we could obtain suitable samples for measurements. To our knowledge, previous theoretical calculations have been carried out in only a few cases.
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The paper is organized as follows. Explanations of both the experimental and theoretical methods used in this work are given in Sec. II. The main results on the structural and dielectric properties are given and discussed in Sec. III. There we also discuss the correlations between the structural and dielectric properties of these perovskites, decompose the ionic contribution of the dielectric tensor into components arising from various force constant matrix eigenvectors, and discuss the effect of B A antisite defects on the dielectric properties. We finish with a brief summary in Sec. IV.
Supplementary material 33 contains the results of our calculations of the zone-center phonon frequencies, as well as the infrared activities for those modes that are infrared-active.
A. Compounds under consideration
In this work, we consider the following five groups of perovskites having the P bnm space group.
The first group are rare-earth scandates having for- have been formed in perovskite form as thin films via epitaxial stabilization, and others might be made in the same way. To analyze trends within this group of compounds, we also did the calculations of dielectric tensors on LuScO 3 and YScO 3 in the P bnm perovskite structure; see Sec. III C 1 for the details.
The second group consists of rare-earth yttrates with formula AYO 3 . Only one such compound, LaYO 3 , is known to form a perovskite, 38 but to analyze trends the dielectric tensor of DyYO 3 in the perovskite structure was also calculated.
In the third group we consider CaZrO 3 , SrZrO 3 and SrHfO 3 perovskites. Experimentally, we find that SrZrO 3 and SrHfO 3 do not form single crystals, but instead are rather heavily twinned.
The fourth group of compounds have the formula La 2 BB ′ O 6 where the B atom is either Mg or Ca and B ′ is either Zr or Hf. Little is known experimentally about these compounds, and single crystals of these compounds have not been made.
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The last group of compounds we considered have the formula AA'O 3 , where both A and A' are rareearth atoms.
These include the 11 of such compounds that are known to form the perovskite structure with space group P bnm at atmospheric pressure: LaHoO 3 , LaErO 3 , LaTmO 3 , LaYbO 3 , LaLuO 3 , CeTmO 3 , CeYbO 3 , CeLuO 3 , PrYbO 3 , PrLuO 3 , and NdLuO 3 . 38, 40, 41 We calculated the dielectric and structural properties of all of these compounds. The experimental determination, however, of the dielectric tensor in this group of compounds was done only for LaLuO 3 ; the results will be published elsewhere.
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II. PRELIMINARIES
A. Structure of Pbnm perovskites
The ideal cubic perovskite ABO 3 consists of a network of corner-shared octahedra, each with an oxygen on its vertices and a B atom at its center, and A ions that are 12-fold coordinated in the spaces between octahedra. It is well known that perovskites having sufficiently small Asite ions (i.e., a small Goldschmidt tolerance factor 43, 44 ) often allow for a distorted perovskite structure that has a rotated framework of oxygen octahedra and displaced A-site ions. This lowers the space group symmetry from cubic P m3m (O 1 h ) to orthorhombic P bnm (D 16 2h ), and the number of ABO 3 formula units per primitive cell increases from Z = 1 to Z = 4, as shown in Fig. 2 . The rotations of the octahedra in the P bnm space group can be decomposed into two steps. The first step is the rotation around the [110] direction of the original cubic frame (the cubic frame is rotated by 45
• around the z axis with respect to the P bnm frame) by an angle θ R as in Fig. 3(a) , and the second step is a rotation around [001] by θ M as in Fig. 3(b) . The rotations must be done in that order to prevent distortions of the octahedra. The pattern of neighboring octahedral rotations is denoted by (a − a − c + ) in Glazer notation 45 (or see the directions of the arrows in Fig. 3 ). These rotations also allow for the displacement of A-site ions in the x-y plane without further lowering of the space-group symmetry.
B. Computational methods
The main computational method we are using is the density-functional theory as implemented in the Quantum-Espresso package. 46 The exchange-correlation functional was approximated using a generalized gradient approximation (GGA) of the Perdew-Burke-Ernzerhof type 47 and ultrasoft pseudopotentials were employed.
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The electronic wavefunctions were expanded in a basis of plane waves with kinetic energy up to 40 Ry, while the charge density was expanded up to 300 Ry. The Brillouin zone was sampled using a 4×4×4 Monkhorst-Pack grid.
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A new set of ultrasoft pseudopotentials 48 for the lanthanoide series of rare earths, from La to Lu, were generated for the present project. In all cases the f -shell filling was chosen as appropriate for the 3+ valence state: one f electron for Ce, two for Pr, etc. The f electrons were then Fig. 2 . In (a), a darker shading is used to indicate the two octahedra that are further away along the y-coordinate; in (b), the two bottom octahedra are exactly below the two top octahedra.
considered to be in the core (and un-spin-polarized) for the proposes of generating the pseudopotentials. Thus, the f electrons are not explicitly included in the solidstate calculations. Such an approximation can be justified whenever the strong on-site Coulomb interactions of electrons in the f shell drive the occupied f states well below, and the unoccupied states well above, the energy range of interest for spd bonding in the crystal. Of course, this will not be a good approximation for some heavy-fermion or mixed-valent systems, and in any case our approach is obviously unable to describe phenomena involving magnetic ordering of f electrons at low temperature. Nevertheless, we believe that this approach is quite reasonable for the present purposes.
The artificial nature of the scattering in the f channel did, however, pose some problems in the pseudopotential construction. In particular, we found that the lattice constant of a perovskite containing the rare-earth atom in question could differ for two pseudopotentials having different scattering properties in the f channel; this causes problems since the usual approach of matching to the all-electron f scattering is not appropriate in the present case. To ameliorate this problem, the f -channel parameters of these pseudopotentials were optimized so that resulting pseudopotentials would give the "correct" cell volumes for simple rare-earth compounds. Since the GGA typically overestimates crystal volumes by about 1-2%, 50 the optimization was actually done in order to produce a corresponding overestimate in a consistent fashion. For this procedure, our compounds of choice were the rare-earth nitrides with the simple rock-salt structure. The experimental 51 and calculated volumes of these nitrides are indicated in Fig. 4 . Note that the volumes of CeN, PrN, and GdN show an anomalous behavior that is presumably due to strong correlation effects associated with the proximity to a mixed-valent regime, 52 and therefore they will not be correctly treated by our GGA calculation. To avoid this problem we first carried out a smoothened fit of the experimental volumes versus atomic number over the lanthanoide nitride series, but with CeN, PrN, and GdN omitted from the fit, as shown by the solid line in Fig. 4 . We then used these fitted values to set the target volumes for the optimization of the pseudopotentials. We used density-functional perturbation theory 53 to calculate the dielectric response. Both purely electronic ǫ el and ionic ǫ ion contributions were calculated. 54 The electronic part is defined as
where P α is the polarization induced by the electric field E β while all ions are held fixed (u = 0). The remaining component of the dielectric response is by definition the ionic contribution ǫ ion . This ionic part can be calculated from the forceconstant matrix Φ iα,jβ and the Born effective charge matrix Z i,αβ . The force-constant matrix is defined as
where E is the total energy of the system and u iα is the displacement of the i-th atom along the direction α. We will denote the n-th normalized eigenvector of this matrix as ξ n iα and its eigenvalue as µ n . The Born effective charge matrix is defined as
where P α is the polarization induced in a crystal by the displacement of the i-th atom in the direction β. V is the volume of the unit cell and e is the electron charge. Finally, the ionic part of the dielectric tensor can be written as
where the charge Q n α of the n-th eigenmode is defined through the effective charge matrix as
C. Experimental methods • C), a crucible (cylindrical with 40 mm or 60 mm diameter and 40 mm or 60 mm height, depending on the crystal diameter) and an active afterheater made of iridium were used. Flowing nitrogen or argon was used as the growth atmosphere. Those of these rareearth scandates for which the radiative heat transport via the crystal is hindered by absorption suffer from a serious problem of bulk crystal growth, namely that they tend to exhibit a spiral growth which distinctly decreases the yield. 55 Due to the lack of seed crystals, the initial growth experiments were performed with an iridium seed rod. Because these materials tend to grow as large singlecrystalline grains, suitable seeds could be selected at a very early stage.
Crystal growth
All rare-earth scandate crystals were grown along the [110] orientation. The pulling rate was 0.8-2 mm·h −1 and the rotation rate was 8-15 min −1 (depending on the crystal diameter). The crystals were 35-50 mm in length and 18 or 32 mm in diameter. The PrScO 3 crystals have a green color, the NdScO 3 crystals are dark purple, the SmScO 3 and DyScO 3 crystals are light yellow, the GdScO 3 crystals are colorless, and the TbScO 3 crystals are nearly colorless (see Fig. 1 ).
In addition to the Czochralski growth of PrScO 3 , NdScO 3 , SmScO 3 , GdScO 3 , TbScO 3 , and DyScO 3 , the single-crystal growth of HoScO 3 , YScO 3 , and solid solutions of rare-earth scandates that would be expected to have smaller lattice constants than DyScO 3 (e.g., Dy 0.5 Lu 0.5 ScO 3 ), was also attempted using the floatingzone technique. In all cases, pre-dried powders of the rare-earth oxides (R 2 O 3 ) and Sc 2 O 3 were ground, pressed into a rod, and sintered at 1400
• C for 6 hours. The floating-zone machine was a Gero (model SPO), and heating was performed with two bulbs at the focal point of ellipsoidal mirrors. Unfortunately, the 1 kW rated output power of the quartz-halogen lamps used in this floating-zone system was close to the melting temperature of the compounds, limiting the size of the crystals that could be grown to < 2 mm diameter. SrZrO 3 , SrHfO 3 , and LaScO 3 single crystals grown by the floating zone technique were also studied. 57 Xray analysis of the post-annealed polycrystalline feed rod showed single-phase LaScO 3 , consistent with the existing phase diagram. The reason for the introduction of second phases during melting is not clear and requires more study.
Electrical characterization
Because PrScO 3 , NdScO 3 , SmScO 3 , GdScO 3 , and DyScO 3 are orthorhombic at room temperature, their dielectric tensor contains three independent coefficients that can be measured along the three principle crystal axes.
58 From the grown PrScO 3 , NdScO 3 , SmScO 3 , GdScO 3 , and DyScO 3 single crystals, slices were cut in different orientations for electrical characterization. For GdScO 3 , samples were cut from the as-grown single crystals along the [100], [010] , and [001] directions, and the dielectric tensor coefficients were measured using a parallel-plate capacitor configuration. For PrScO 3 , NdScO 3 , SmScO 3 , and DyScO 3 , several additional orientations were prepared, so that a least-squares fit technique could be applied using standard methods 58 to calculate the dielectric tensor, using their known lattice parameters.
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Unfortunately, the SrZrO 3 and SrHfO 3 crystals were heavily twinned. The formation of twins in the three pseudocubic orientations is facilitated in these two orthorhombic systems because the deviation from the cubic symmetry is very small. As a result, only an average dielectric constant could be measured.
To obtain capacitors, gold or platinum electrodes were evaporated onto both sides of the approximately 0.5 mm thick slabs with areas ranging from 15 to 100 mm 2 , and capacitance measurements were made at room temperature with an HP4284A using a 16034E test fixture at 10 kHz, 100 kHz, and 1 MHz. No edge capacitance corrections were used because of the large ratio of the electrode area to the thickness of the samples. The room temperature dielectric loss of the samples was generally very small (< 0.1% for most samples) and the frequency dispersion was negligible in the measured range. The temperature dependent dielectric measurements on GdScO 3 and DyScO 3 were made using a HP 4284a LCR meter with a dipstick cryostat.
III. RESULTS AND DISCUSSION
A. Structural properties
We focus first on the structural properties of these systems. The structure of the P bnm perovkites is described by three orthorhombic lattice constants plus two A-site and five oxygen Wyckoff parameters. Figure 5 shows graphically the most important structural parameters of these systems, while Table I gives detailed information on all the structural parameters. Rotational angles in Table I and in Fig. 5 were calculated by fitting the structural parameters to a model in which the octahedra are perfectly rigid (see Sec. III B for the details of this model).
Overall we find good agreement with experimental values for the structural parameters. The Wyckoff coordinates in particular are in excellent agreement with experiments, with the average error being on the order of 2 · 10 −3 . The volume of the unit cell, on the other hand, is consistently overestimated by 1-2%, as is usually expected from the GGA exchange-correlation functional, and as we would expect from our construction of the rare-earth pseudopotentials.
All structures show an angle θ R that is about √ 2 times larger than θ M . Therefore, consecutive rotations by θ R and θ M can be considered approximately as a single rotation around a {111} axis in the cubic frame. That is, the actual (a − a − c + ) pattern of rotations is very nearly (a − a − a + ) in the Glazer notation. 45 See Sec. III F for a more detailed discussion.
Rare-earth scandates
The rare-earth scandates AScO 3 show a decrease in volume by ∼9% while going along the series from A=La to A=Dy (the calculated primitive unit cell volume is 271.40Å 3 for LaScO 3 and 249.81Å 3 for DyScO 3 ). On the other hand, the Sc-O distance remains nearly constant along the series (2.12Å for LaScO 3 and 2.11Å for DyScO 3 ), which means that the change in volume is almost entirely due to the larger octahedral rotation angles for DyScO 3 as compared to LaScO 3 . Our calculations also show that the same trend continues all the way to LuScO 3 .
Rare-earth yttrates
The rare-earth yttrates have a very similar behavior as the rare-earth scandates. The main quantitative structural difference between the two comes from the fact that yttrium is a larger ion than scandium. This leads to a larger volume for the yttrates, and also a larger rotation angle due to a smaller tolerance factor.
CaZrO3, SrZrO3, and SrHfO3
SrZrO 3 and SrHfO 3 have quite similar structural properties. The main difference can be traced to the fact that Hf is a smaller ion than Zr. Therefore, the calculated average Hf-O distance is 2.07Å, while the average Zr-O distance is 2.11Å. Furthermore, their octahedral rotation angles are about 1.7 times smaller than in the rare-earth scandates.
In CaZrO 3 the average Zr-O distance is 2.10Å, which is very close to the corresponding distance in SrZrO 3 and SrHfO 3 . Thus, the main reason why CaZrO 3 has a smaller volume than SrZrO 3 is because of the larger rotation angles in CaZrO 3 .
La2BB
′ O6 compounds
We consider La 2 BB ′ O 6 compounds with B=Mg or Ca and B ′ =Zr or Hf. These compounds are expected to exhibit rock-salt ordering of the B-site ions as a result of the difference in charge and ionic radius between the B and B ′ ions. 60 This ordering reduces the symmetry from the orthorhombic P bnm to the monoclinic P 2 1 /c (C 5 2h ) space group.
The structural properties for these systems are reported in Fig. 5 and in Table II The unit cell volume is larger by about 5Å
3 per primitive cell for the compounds containing Zr than for those containing Hf. On the other hand, compounds with Ca are larger by about 28Å 3 than those containing Mg. Similarly, the rotation angles are larger in compounds containing Ca than in those with Mg. The discrepancy between octahedral sizes is largest for La 2 CaHfO 6 (12% linear increase) and smallest for La 2 MgZrO 6 (0.4% linear increase).
Rare-earth rare-earth perovskites
We now briefly analyze the structural properties of P bnm perovskites of type AA'O 3 where both A and A' are rare-earth atoms. All eleven compounds we considered are known experimentally to form the perovskite structure in the P bnm space group.
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Among these 11 compounds, the largest unit-cell volume of 311.58Å
3 is found in LaHoO 3 , and the smallest of 292.32Å
3 is in NdLuO 3 , Oxygen oxtahedral rotation angles are quite large in all of these compounds and show very little variation from one compound to another. The trends of the rotation angles are as expected from a tolerance-factor analysis: perovskites with smaller A-site ions but the same B-site ions have larger oxygen octahedral rotation angles, and the opposite is true for the B-site ions.
B. Comparison with model of perfectly rigid octahedra
In P bnm perovskites, a rigid rotation of the oxygen octahedra by θ R followed by another rigid rotation by θ M (see Fig. 3 ) leads to Wyckoff parameters given by
Here we have denoted the Wyckoff coordinates of the oxygen atoms at the 4c Wyckoff point with x 2 and y 2 , while those of the remaining oxygen atoms at the 8d point are denoted with x 3 , y 3 , and z 3 . The Wyckoff coordinates of the A-site ion at the 4c point are denoted by x 1 and y 1 , but these are left unspecified in our rigid-octahedra model. It also leads to orthorhombic lattice constants given by
where V 0 is the volume the structure would have if the octahedra were rotated rigidly back to θ R = θ M = 0. The Wyckoff parameters and unit-cell ratios from our calculations can be well fitted by Eqs. 5-12 (see Table I and Fig. 5 for the values of the fitted angles). By far the largest discrepancy is found for Wyckoff parameter y 2 . For a typical system (e.g., LaScO 3 ) the discrepancy between calculated and fitted y 2 values is about 0.016, or 50% with respect to the difference from the cubic case. For the remaining oxygen Wyckoff coefficients, the discrepancy averages about 0.003, or ∼5%.
The rotation angles for the La 2 BB ′ O 6 systems were obtained by fitting their structural parameters to a slightly more complicated model of rigid octahedra than the one given in Eqs. 5-12. In this model, we first change the relative sizes of B-and B ′ -centered octahedra. The ratio of their linear sizes is denoted by d/d
′ . We then proceed with the rotation by an angle θ R around the [110] axis in the cubic frame. Finally, we perform a rotation of the B-centered octahedra around [001] by an angle θ M , and of the B ′ -centered octahedra by an angle θ ′ M around the same axis. The resulting fitted values of these parameters are given in Table II .
C. Dielectric properties
In this section we discuss the dielectric properties of the materials included in our study. P bnm perovskites are orthorhombic and thus have diagonal dielectric tensors, with ǫ xx = ǫ yy = ǫ zz in general. In addition to reporting these components, we also focus on analyzing the results in terms of the three linear combinations
representing the average dielectric tensor, a measure of the x-y anisotropy, and a measure of z anisotropy, respectively. This choice of parameters was made to simplify the analysis of trends of dielectric properties of these compounds. The theoretical -and where available, experimental -results for the dielectric-tensor components are reported in Figure 7 and in Table III . The theoretical values are further decomposed in Table III into purely electronic or frozen-ion contributions ǫ el and lattice-mediated contributions ǫ ion . We find that the electronic contribution is roughly five times smaller than the ionic one, is nearly isotropic, and does not show a dramatic variation from one perovskite to another. Thus, it is clear that the lattice-mediated ionic contributions play by far the dominant role in the observed dielectric tensors and their anisotropies.
Our calculations of the zone-center phonon frequencies as well as the infrared activities for those modes that are infrared-active are given in the supplementary material. 33 We now consider each of our chosen classes of P bnm perovskites in turn, orienting the presentation from the point of view of the theoretical calculations, but mentioning the comparison with experiment where appropriate.
Rare-earth scandates
All rare-earth scandates AScO 3 have rather similar values for their isotropically-averaged dielectric constants, falling between aboutǭ = 26 andǭ = 28. The xx component for all these systems is larger than the yy component by about ∆ǫ = 4. On the other hand, the zz component changes significantly from LaScO 3 to DyScO 3 . In LaScO 3 the average of the xx and yy components is almost as large as the zz component (∆ǫ ⊥ =-1), while in DyScO 3 , the zz component is larger by about ∆ǫ ⊥ =9 than the average of xx and yy components.
These results are in good agreement with experiment, especially forǭ and ∆ǫ . On the other hand, ∆ǫ ⊥ is consistently larger in experiments by about 3-5, but the trend of increasing ∆ǫ ⊥ is present in both theory and experiment.
As was mentioned earlier, rare-earth atoms heavier than Dy (i.e., Ho-Lu) and Y itself do not form singlecrystal scandates. Nevertheless, at least some (YbScO 3 37 and LuScO 3 27 ) can form P bnm perovskites in thin-film form. In order to establish the trends of the dielectric properties for these materials, we calculated the dielectric tensors of LuScO 3 and YScO 3 . The dielectric tensor of LuScO 3 shows the continuation of the trend from LaScO 3 to DyScO 3 . Both xx and yy components are slightly smaller than for DyScO 3 , their numerical values being 23.5 and 21.4 respectively. On the other hand, the zz component (44.8) is larger than for DyScO 3 (32.6) and for LaScO 3 (27.4) . YScO 3 has dielectric tensor components of 26.9, 23.0, and 37.7 for its xx, yy, and zz components, respectively.
The experimentally measured dependence of the dielectric tensor (and loss) components on temperature is shown in Fig. 6 for two compounds, GdScO 3 and DyScO 3 . In both cases we find that the dielectric tensor properties do not change significantly with temperature over the examined range (4.2-470 K). The ǫ zz component slightly decreases with temperature while the ǫ xx and ǫ yy components show the opposite behavior. We expect that similar trends will be observed in all other rare-earth scandates.
As our calculated dielectric tensor is at 0 K and our measured dielectric tensor (Table III and IV) is at room temperature, the absence of a significant temperature dependence of the dielectric tensor is important to our ability to make a meaningful comparison between the calculated and measured coefficients.
Anomalies were observed in the dielectric loss along the z axis (tan δ zz ) for both DyScO 3 and GdScO 3 below 50 K. The origin of these is unknown, but their presence suggests the possibility of a low-temperature phase transition.
Rare-earth yttrates
We now consider the rare-earth yttrates, i.e., AYO 3 where A is one of the rare-earth atoms. These are similar to the rare-earth scandates, but with yttrium on the B site instead of scandium. Only one such compound, LaYO 3 , is known to form a perovskite, 38 but others might form in thin films via epitaxial stabilization. We find that LaYO 3 has a larger zz component than does LaScO 3 . In LaYO 3 the zz component of the dielectric tensor is 38.0, while in LaScO 3 it is 27.4. On the other hand, the xx and yy components are almost unchanged with respect to LaScO 3 . In LaYO 3 the xx component is 30.6 and the yy component is 25.7. We also find that heavier rare-earth atoms on the A-site tend to destabilize this P bnm structure even further. For example, we find that DyYO 3 in the P bnm structure has an unstable mode at i70 cm −1 that is IR-active along the z direction.
CaZrO3, SrZrO3, and SrHfO3
According to our calculations, SrZrO 3 and SrHfO 3 show large and rather isotropic dielectric tensors. The average dielectric tensorǭ is 40.9 and 32.8 in SrZrO 3 and SrHfO 3 , respectively. Their x-y anisotropies have an opposite sign as compared to all of the other compounds we analyzed. Unfortunately, because of twinning (see section II C 2), we could only measure an average dielectric constant for these systems, and therefore we could not directly compare our full calculated dielectric tensors with experiment. Still, if we make a comparison between theory and experiment for the average dielectric tensorǭ, the agreement is reasonable.
Our calculations suggest that the CaZrO 3 compound, on the other hand, has a very high value of the zanisotropy of 28.1. Its x-y anisotropy of 1.1, on the other hand, is quite small. The average dielectric tensorǭ = 43.6 is the highest among the all compounds we considered, mostly because of the very large ǫ zz component of the dielectric tensor. Very similar results were also obtained in other theoretical studies.
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La2BB
The La 2 BB ′ O 6 systems show a small, non-zero offdiagonal ǫ xz component, −0.4 for La 2 MgZrO 3 and 4 for La 2 CaZrO 3 . ǫ xz is allowed because the space group is reduced from orthorhombic (P bnm) to monoclinic (P 2 1 /c) for these compounds. Their isotropically-averaged dielectric tensors are larger for systems containing Ca than for those with Mg, and a bit larger for those with Zr than for those with Hf. Therefore, the dielectric response in this class of materials is largest for La 2 CaZrO 6 , withǭ = 28.5, and smallest for La 2 MgHfO 6 , withǭ = 23.6. All computed dielectric tensor components for these systems are given in Table IV .
Rare-earth rare-earth perovskites
The 11 rare-earth-rare-earth perovskites we considered show a bigger variation in the isotropically-averaged dielectric constantǭ than do the rare-earth scandates (LaScO 3 -DyScO 3 ). The largest average dielectric constant among them is 32.9 in LaHoO 3 . The largest component of a dielectric tensor is also found in LaHoO 3 , whose ǫ zz is 41.7.
The measure ∆ǫ of x-y anisotropy shows little variation among the components in this series. The anisotropy is of the same sign as in the rare-earth scandates.
Finally, the z anisotropy ∆ǫ ⊥ once more shows a larger variation than in the rare-earth scandates. This anisotropy is largest for LaHoO 3 and smallest for LaLuO 3 .
D. Decomposition of the ionic contribution to the dielectric tensor
As already mentioned, the ionic contribution to the dielectric tensor dominates in all of the systems we considered. The expression for the ionic contribution given in Eq. (4) provides a decomposition into contributions coming from eigenmodes of the force-constant matrix. The P bnm symmetry in perovskites, which is also approximately satisfied in La 2 BB ′ O 6 compounds, allows a given eigenmode to contribute only to a single component (ǫ xx , ǫ yy , or ǫ zz ) of the dielectric tensor. This decomposition is given in Fig. 8 for all three components.
In rare-earth scandates, all three directions are evidently very different. The ǫ xx component is dominated by a low-lying mode whose contribution is almost constant along the series (it contributes to ǫ xx by 9.6 for LaScO 3 and 11.1 for DyScO 3 ). The ǫ yy component, on the other hand, has sizable contributions coming from several modes. Finally, the ǫ zz component comes mostly from a single low-lying mode. Unlike for the ǫ xx component, the contribution from the mode responsible for the ǫ zz component changes dramatically across the series, varying from 6.9 for LaScO 3 to 16.3 for DyScO 3 . This explains the large value of the z anisotropy in DyScO 3 as compared to LaScO 3 that is visible in Fig. 7 .
A behavior similar to that of the rare-earth scandates is also observed in LaYO 3 and in the rare-earth rareearth perovskites. The SrZrO 3 and SrHfO 3 compounds show a quite similar behavior to each other. The ǫ xx component has contributions coming from many modes, the ǫ yy component is dominated by a single low-lying III: Dielectric parameters of the perovskites with space group P bnm that we considered. Our calculated values are denoted by the letter T, our experimental values with E, and other theoretical data with O. First all three non-zero dielectric constant tensor components are given. Next, the average dielectric constant tensor, the x-y anisotropy, and z anisotropy are given; see Eqs. 13-15. Finally, the electronic and ionic contributions are given separately. TABLE IV: Dielectric parameters of the La2BB ′ O6 perovskites we considered. First all four dielectric constant tensor components are given, followed by the average value of the dielectric constant tensor. Finally, the electronic and ionic contributions to dielectric constant tensor are given. x axis is chosen along lattice vector a, y along b, and z close to c (with the small component along a due to monoclinic cell). mode, and ǫ zz is dominated by two low-lying modes. On the other hand, ǫ zz component in CaZrO 3 shows very large contribution coming from a single low-lying mode. Finally, we note that the La 2 BB ′ O 6 compounds containing Ca have stronger contributions to ǫ xx and ǫ zz from low-lying modes than do those containing Mg.
E. Compounds with R3 c symmetry
At room temperature the ground state of BiFeO 3 is ferroelectric with polar space group R3c, the pattern of octahedral rotations being (a − a − a − ) in the Glazer notation. At higher temperature, however, BiFeO 3 undergoes a phase transition in which the ferroelectricity and the (a − a − a − ) pattern of octahedral rotations disappear simultaneously. 70, 71 This observations led us to hypothesize that rotations of octahedra around the pseudocubic [111] axis, as in the (a − a − a − ) pattern, tend to be energetically compatible with the presence of a ferroelectric distortion along the same axis. This would tend to suggest that perovskites that adopt the centrosymmetric R3c group, which also exhibits the (a − a − a − ) pattern of oxygen octahedra, might be close to a ferroelectric instability leading to the lower-symmetry R3c space group, and thus that such compounds might have an especially large component of the dielectric tensor along the pseudocubic [111] axis.
To test this hypothesis, we have carried out a series of calculations on SrZrO 3 and GdScO 3 in which structural relaxation was allowed while maintaining the R3c symmetry. In both compounds we find some IR-active phonon modes that either have very low or imaginary frequency, indicating a near or actual instability. In the case of SrZrO 3 we find a mode that is active along the [111] pseudocubic direction and has an extremely small frequency of only 6 cm −1 , while for GdScO 3 we find that the corresponding mode is unstable with an imaginary frequency of i142 cm −1 . These calculations show that imposing the R3c structure on SrZrO 3 and GdScO 3 make them nearly or actually ferroelectric, thus confirming our hypothesis.
Incidentally, the observation that SrZrO 3 is more likely than GdScO 3 to be stabilized in the R3c structure is consistent with the fact that perovskite structures that prefer smaller rotation angles are more likely to form R3c than P bnm structures, as discussed by Woodward 44 . We find that the rotational angles for SrZrO 3 in the P bnm space group are θ R = 11.6
• and θ M = 7.7
• , while in GdScO 3 they are substantially larger, θ R = 19.0
• and θ M = 13.3
• . More directly, we also find that the groundstate energy of SrZrO 3 having the R3c structure is only higher by 33.6 meV per formula unit than in the P bnm structure. On the other hand, in GdScO 3 the R3c is higher in energy by a much larger increment of 386 meV.
Finally, we note that LaAlO 3 , NdAlO 3 , and BaTbO 3 may also be of interest, as these all have the R3c spacegroup symmetry and should also be chemically stable on silicon.
F. Correlation between structural and dielectric properties
The heuristic observation about BiFeO 3 mentioned in the previous section (Sec. III E) led us to make a more detailed analysis of the correlation between structural and dielectric anisotropies in all five groups of P bnm perovskites. As can be seen from Fig. 3 , the presence of the octahedral rotations breaks the symmetry among the three Cartesian directions in the P bnm perovskites. One would therefore naively expect that the anisotropy in the dielectric tensor component should also be correlated with the size of these rotation angles, but this is not what we observe. For example, LaScO 3 and DyScO 3 both have rather substantial octahedral rotation angles (θ R is 14.9
• in LaScO 3 and 19.7
• in DyScO 3 ), but they have very different values of the dielectric z anisotropy (∆ǫ ⊥ is −1.0 in LaScO 3 and 8.6 in DyScO 3 ). An even more extreme behavior can be seen in the case of rareearth perovskites between, e.g., LaHoO 3 and LaLuO 3 .
Thus, we find no simple correlation between the dielectric tensor anisotropies and the values of the octahedral rotation angles. Instead, we find a correlation between the dielectric tensor anisotropies and the mismatch of the two rotation angles θ R and θ M , as we explain next.
While the P bnm symmetry does not impose any relationship between the two octahedral rotation angles θ R and θ M , we find in practice that all the compounds we studied obey the heuristic relationship θ R ≃ √ 2θ M . This means that the oxygen octahedra are rotated about the three Cartesian axes by almost the same rotation angle, or equivalently, that the rotation axis is nearly 111 . In the Glazer language, these P bnm perovskites having (a − a − c + ) rotations can be said to be very close to an (a − a − a + ) pattern. We can measure the mismatch between the actual (a − a − a + ) and the hypothetical (a − a − c + ) rotation pattern by the quantity θ M − θ R / √ 2, and it is this quantity that we find to be strongly correlated with the dielectric anisotropy ∆ǫ ⊥ . This is shown in Fig. 9 , where ∆ǫ ⊥ is plotted versus θ M − θ R / √ 2 for all of the compounds considered in this work. It is apparent that the III-III-valent perovskites have a different behavior than the II-IV-valent ones. Nevertheless, we conclude that in both cases there is a strong correlation between the mismatch angle and the dielectric tensor anisotropy. The sign of the correla-tion is such that a deviation from the (a − a − a + ) pattern having an increased rotation angle around the z axis gives a larger dielectric tensor component along the z axis, and thus a larger z anisotropy ∆ǫ ⊥ . 
G. Antisite substitutions
Experimentally the compositions of the perovskites that we have been describing up to now by their nominal compositions, e.g., LaLuO 3 , are in fact slightly different from the compositions of the single crystals on which the dielectric tensors were measured. This is because our crystals are grown at the congruently melting compositions, e.g., La 0.94 Lu 1.06 O 3 , which differ from the nominal compositions described up to now. The congruently melting compositions of all relevant P bnm perovskites studied have been found to be poor in the A-site cation and rich in the B-site cation composition. 59, 72, 73 For this reason, we decided to carry out a theoretical analysis of the effects of B atoms substituting at the A site on the structural and dielectric properties of the material. Detailed calculations were done only for the case of LaLuO 3 , but we expect that similar trends will be observed in the remaining rare-earth rare-earth perovskites as well as in the rare-earth scandates and yttrates. Of course, other kinds of compositional disorder might also be present, but such possibilities are not analyzed here.
Analysis of antisite defects in LaLuO3
We studied Lu La antisite defects in LaLuO 3 using a supercell approach. Specifically, in order to model a situation in which one of every 16 La atoms is substituted by Lu, which is about a 6% substitution, we constructed an 80-atom supercell containing a single antisite defect. The supercell is enlarged with respect to the primitive 20-atom P bnm primitive cell by doubling along both the orthorhombic a and b lattice vectors. The presence of the Lu La antisite in this particular 80-atom supercell reduces the crystal symmetry from orthorhombic P bnm to monoclinic P m. After full relaxation of the crystal structure in this space group, we find that the a, b, and c lattice vectors are reduced by 0.3%, 0.2% ,and 0.1%, respectively, while the monoclinic angle between a and b lattice vectors of 90.03
• deviates only very slightly from 90
• .
The influence of the Lu La substitution on the dielectric properties is more complex. Evaluated in the same coordinate frame as in the P bnm unit cell, the ǫ xx and ǫ yy dielectric tensor components remain almost unchanged, and the new ǫ xy component allowed by the monoclinic symmetry is quite small, only 2.1. On the other hand, the ǫ zz component is drastically altered by the presence of Lu atom on the La site. In fact, we find that the 80-atom supercell is actually just barely unstable in the P m space group, as indicated by the presence of a phonon mode with a very small imaginary frequency of i16 cm −1 . 74 The contribution of this phonon mode to the ǫ zz component (evaluated in the unstable P m structure) is therefore negative, specifically, −33.6. Since this phonon frequency is so close to zero, we expect that it would get renormalized to positive frequency at room temperature. For this reason, we did not follow the structural relaxation of our 80-atom supercell along the direction of the unstable mode, and a realistic estimate of the dielectric response of the system is difficult. Nevertheless, we conclude that Lu La substitutions in LaLuO 3 have the potential to increase the ǫ zz dielectric tensor component substantially.
Discussion
As can be clearly seen in Fig. 7 , our calculated z anisotropy (∆ǫ ⊥ ) is consistently larger than the measured one for all the rare-earth scandates for which we have experimental measurements. In view of the calculations reported for LaLuO 3 above, we tentatively attribute this discrepancy to the generic tendency of B atoms to substitute on the A site in these compounds. This observation is consistent with the fact that smaller B ions that substitute for larger A ions will reside in a relatively larger cage, providing room to rattle and thereby contribute to an enhanced dielectric response.
IV. SUMMARY
The main focus of this work has been the application of both computational and experimental methods to study the structural and dielectric properties of various P bnm perovskites that have potentially large dielectric tensor components and are chemically stable on silicon up to ∼1000
• C.
2 Such compounds might be good candidates for future use as high-K dielectrics in microelectronics applications, e.g., as a possible replacement of hafnia-based high-K dielectrics currently used in the CMOS transistors in integrated circuits.
Of the compounds we have considered, CaZrO 3 , SrZrO 3 , LaHoO 3 , and LaYO 3 appear to be especially promising. CaZrO 3 has the largest calculated average dielectric tensor (ǭ = 43.6) among the compounds we considered, and SrZrO 3 is a close second withǭ = 40.9. The dielectric tensor in CaZrO 3 is very anisotropic, with its ǫ zz component almost twice as large as ǫ xx or ǫ yy , while on the other hand SrZrO 3 has an almost isotropic dielectric tensor. Unfortunately, the full dielectric tensors of these compounds have not yet been measured due to lack of single crystals.
Of the rare-earth rare-earth P bnm perovskites, only LaLuO 3 has had its dielectric tensor measured to date. Our results on this compound will be presented in detail elsewhere. 42 The theoretical calculations, however, indicate that other compounds in this series should have even larger dielectric tensor components, with LaHoO 3 , havingǭ = 32.9, being the most promising among these. LaYO 3 is expected to behave very similar to LaHoO 3 since Y and Ho have almost the same ionic radii, so it may be promising as well (ǭ = 31.4). Thus, this series of compounds clearly deserves additional scrutiny.
Of course, there are good reasons for preferring amorphous over single-crystalline materials for such high-K applications. Certainly the ability of amorphous SiO 2 to conform to the substrate and to eliminate electrical traps played a central role in its dominance as the gate dielectric of choice for 40 years for silicon-based metal-oxide-semiconductor field-effect transistors. The present hafnia-based high-K dielectrics are amorphous or nanocrystalline.
75 For this reason, any eventual application of these materials for high-K applications would presumably require the adoption of one of two strategies. The first is the possibility of growing crystalline epitaxial oxides directly on silicon, which clearly would require a very high level of control of interface chemistry and morphology before it could become a practical solution. The second is the possibility that some of the compounds investigated here could be synthesized in amorphous or nanocrystalline form. We have not investigated these issues here, nor have we tried to calculate what (possibly very substantial) changes in the dielectric properties would occur in the amorphous counterparts, as this would take us far beyond the scope of the present study. Nevertheless, these are important questions for future investigations.
